Three broad-host-range plasmids (pRK290, pSa4 and pKT230) and one native Pasteurella haemolytica plasmid (pPH33) were used in transformation experiments with P. haemolytica strains T179 (serotype Al), Y216 (serotype A2) and its capsular-deficient variant Y216/NS1. No transformants were detected with either heat-shock or freeze-thaw techniques. However, by electroporation, all P. haemolytica strains were transformed by pPH33 but not by pRK290 or pSa4. The highest frequency obtained was 91 x lo4 transformants per pg of pPH33 DNA with P. haemolytica strain Y216/NS1. Although pPH33 itself was non-transmissible by conjugation, it could be mobilized from Escherichia coli, using the transfer function of the IncP plasmid pRK2013, into P. haemolytica at a frequency of 0.3-2.2 x loM3 per recipient cell. On: Sat, 29 Dec 2018 05:25:26 Plasmid transfer to Pasteurella haemolytica
INTRODUCTION
The Gram-negative bacterium Pasteurella haemolytica is an important cause of pneumonic conditions in sheep and cattle (Gilmour, 1980; Yates, 1982) . At present, very little is known about the genetics of this organism. Both plasmids and bacteriophage have been found (Zimmerman & Hirsh, 1980; Richards et al., 1981) , although no method of introducing DNA into P. haemolytica has been described. However, plasmid transmission by conjugation has been reported between two strains of the related organism, P. multocida (Hirsh et al., 1981) .
Genetic manipulation of bacteria can allow the identification of important virulence factors and may facilitate vaccine development. The lack of a suitable method for introduction of DNA into P. haemolytica has impeded such work with this organism. The majority of bacterial species do not show a natural ability to take up DNA and require it to be introduced artificially. A commonly used method of introducing DNA artificially is CaClz treatment of intact cells followed by either heat-shock (Cohen et al., 1972) or freeze-thaw (Dityatkin et al., 1972) treatment. A more recent technique is the generation of transformants by electroporation (Fiedler & Wirth, 1988; Miller et al., 1988) . This involves the pulsing of a suspension of recipient bacteria with high voltages which may cause the transient occurrence of small holes in the cell envelope, allowing entry of DNA or other molecules. In this report, we describe the introduction of plasmid DNA into P. haemolytica by electroporation and by conjugation. Figurski & Helinski (1979) spontaneous mutants isolated in our laboratory. The plasmids used were obtained from various sources ( Table 1) . Plasmid pPH33 was isolated from a bovine isolate, P. haemolytica strain 33 (serotype Al) obtained from Dr C. Wray (Central Veterinary Laboratory, Surrey KT15 3NB, UK). All bacteria were maintained on brain heart infusion (BHI) (Oxoid) agar and were renewed every 10 d from -20 "C stocks. To prevent plasmid loss, plasmidcarrying strains of bacteria were grown on solid or in liquid media containing appropriate antibiotics. The concentrations of the antibiotics (Sigma) used in selective agar were (pg ml-l): ampicillin (Ap), 20;
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chloramphenicol (Cm), 20; kanamycin (Km), 50; Nd, 40; streptomycin (Sm), 200; and tetracycline (Tc) 10. These concentrations were halved for use in liquid media. Super broth contained (g 1-l): tryptone (Oxoid), 32; yeast extract (Oxoid), 20; NaCl, 5 : and NaOH, 0.1. Plasmid isolation and standardization. Plasmid DNA was isolated by the lysozyme-EDTA method as described by Maniatis et al. (1982) . Bacteria used for plasmid preparations were from 18 h shaken cultures grown in Super broth at 37 "C. Plasmid DNA was resuspended in TE buffer (1.21 g Tris and 0.29 g Na,EDTA 1-l; pH 8.0) for CaC1,-mediated transformations, or in electroporation buffer (see below) for electroporation experiments. All plasmid DNA preparations were treated with pancreatic ribonuclease (Sigma) (100 pg ml-l final concentration) for 60 min at 37 "C before use. The approximate concentration of plasmid DNA in each preparation was determined by comparison of the staining intensities with ethidium bromide of increasing dilutions of the unknown sample, after separation on an agarose gel, with those of known quantities of reference DNA ( A DNA digested with HindIII). Gel electrophoresis was done using 0.7% (w/v) agarose (type 11, Sigma) and TBE buffer (Maniatis et al., 1982) .
Heat-shock and freeze-thaw transformation procedures. Preparation of competent cells and transformation techniques were modifications of the methods described by Maniatis et al. (1982) . Bacteria were suspended in 80 mM-CaC12 and 1 pl of the test plasmid preparation was added to 20 pl portions of the competent cells. After 30 rnin incubation on ice, the cells were either heated at 42 "C for 2 rnin followed by cooling on ice for 2 min (heatshock technique) or frozen at -20 "C for 30 rnin followed by thawing at 37 "C for 5 rnin (freeze-thaw technique). After either treatment, SOC medium [SOB medium (Maniatis et al., 1982) supplemented with 0.2% (w/v) ~-glucose] (80 p1) was added to each preparation and the tubes shaken at 37 "C for either 1 h or 18 h (P. haemolytica only). Cells were then spread onto appropriate selective agar and incubated at 37 "C for 36 h.
Electroporation. Electroporation was performed using a Bio-Rad Gene Pulser linked to the Bio-Rad Capacitance Extender and in certain studies also to a Bio-Rad Pulse Controller. Electroporation buffer I (15%, v/v, glycerol, 272 mM-sucrose, 8-09 ~M -N~~H P O , , 1-65 mhi-NaH2P04, pH 7.4) was used for washing and resuspension of the cells when the pulse controller was not connected. Electroporation buffer I1 (same as buffer I except phosphate salts omitted) was used in place of electroporation buffer I if the pulse controller was used in order to provide a high resistance to prevent arcing and loss of voltage across the sample. Exponentially growing cells in BHI broth were chilled on ice for 10 rnin before centrifugation (4000g for 10 rnin at 4 "C). The cell pellet was washed and resuspended in 5 ml electroporation buffer. Samples of cells were added to plasmid preparations in electroporation cuvettes (0.2 or 0.4 cm, Bio-Rad). The mean final concentration of the bacterial suspension was 3-2-59 x lo9 c.f.u. ml-I for P . haemolytica strains (n > 6 observations) and 0.8 x lo9 c.f.u. ml-' for E. coli strain DH1 (n = 4 observations). After gentle mixing, the cells were pulsed and 100 p1 of the cell suspension removed either immediately or after incubation for 20 rnin on ice and added to 900 pl of BHI broth. After shaking at 37 "C for 1 h, 100 pl portions were spread on selective plates. For studies using non-Pasteurella plasmids, the sensitivity of the selection procedure was increased by adding 100 pl of a pulsed cell suspension to 4.9 ml BHI broth, which was then shaken at 37 "C for 4 h. BHI broth (5 ml) containing selective antibiotic was then added and, after a further 12 h incubation, portions (100 pl) from each flask were spread on selective plates which were examined after 36 h incubation at 37 "C.
Conjugation. Conjugative transfer was standardized by transforming E. coli LE392 with both pRK20 13 and pPH33 or both pRK2013 and pRK290 by the heat-shock technique. Conjugation was done according to the method of Bradley et al. (1980) . Briefly, exponentially growing cells of the donor and the recipient strains were harvested from BHI broth and the OD62o of the cultures was standardized to 1.00 with fresh medium. Samples (300 pl) of the donor and recipient were mixed and 300 pl of the mixture spread on BHI agar. The c.f.u. ratio of E. Plasmid transfer to Pasteurella haemolytica 2887 coli and P. haemolytica in the suspension was approximately 1 : 2. Plates were dried in a laminar-flow cabinet for 20 min and then incubated at 37 "C for 1 h (E. colidonor) or 16 h (P. huemolyticu strain 33 donor). The growth was harvested in sterile saline and dilutions were spread on selective plates which were incubated at 37 "C for 36 h. Plasmid transfer frequencies were obtained by dividing the total number of transconjugants by the original number of recipient bacteria in the conjugation mixtures.
RESULTS
Isolation of pPH33 and its use in heat-shock and freeze-thaw transformation P. haemolytica 33 (A1 serotype) was obtained from a calf with pasteurellosis and was resistant to various penicillins, including ampicillin, and to streptomycin and sulphonamides (Wray & Morrison, 1983) . The strain produced p-lactamase with a high isoelectric point (PI = 9-4), but the presence of plasmids was not reported.
Agarose gel electrophoresis of DNA prepared from this strain showed the presence of a 4.5 kb plasmid (data not shown). No plasmids were detected in our laboratory strains T179 and Y216. A plasmid DNA preparation from strain 33 (pPH33) was used to transform E. coli DH1 by the heat-shock procedure, selecting separately for ApR and SmR transformants. Only ApR transformants were obtained, and gel electrophoresis analysis of several clones revealed plasmid DNA with a similar profile to that isolated from the original P. haemolytica 33 (data not shown). pPH33 was therefore assumed to encode ApR.
Plasmid pPH33 isolated from P . haemolytica 33 and plasmids pRK290 and pKT230 isolated from E. coli were tested for their ability to transform P . haemolytica strains T179, Y216 and Y216/NS1. Selection for plasmid transfer was done on BHI agar containing Ap for pPH33, Tc for pRK290 and Sm for pKT230. No transformants of any of the P. haemolytica strains were found by either the heat-shock or the freeze-thaw method, in three separate experiments. Heatshock transformation of E. coli DH 1 with identical plasmid preparations gave transformation rates of between 1.6 and 2.5 x lo4 per pg DNA, depending on the plasmid used. With freezethaw transformation, only pPH33 DNA was used; it gave a mean transformation rate with E. coli DH1 of 0.5 x lo4 per pg DNA.
Electroporation-mediated transformation
ApR transformants of P . haemolytica were generated by electroporation using pPH33 DNA (Table 2) . At the highest field strength attainable with the capacitance extender (1.13 kV cm-l), Table 2 . Electroporation-mediated transformation of P . haemolytica with pPH33 DNA After pulsing, cells were left on ice for 20 min before addition to fresh BHI broth and shaking at 37 "C for 1 h. An aliquot (100 pl) from each sample was then spread onto BHI agar containing Ap for selection of transformants. no transformants were detected at the highest capacitance value (960 pF). Without the capacitance extender and with a capacitance value of 25 pF, a field strength of at least 3.75 kV cm-l was required for detectable transformation when the pulse controller was not used and at least 10.00 kV cm-I when the pulse controller was used. The highest numbers of P . haemolytica transformants were obtained at a capacitance value of 25 yF, a field strength of 12.5 kV cm-l and at a pulse controller setting of 1000 R. E. coli DH1 was also transformed with pPH33, giving 94 x lo4 transformants per pg DNA at 25 pF and a field strength of 6.25 kV cm-l in the absence of the pulse controller (n = 4 observations). ApR transformants of each P . haemolytica recipient strain were shown to contain plasmid DNA with a similar gel profile to plasmid DNA isolated from the original strain (data not shown). However, no plasmid bands were observed with E. coli ApR transformants unless plasmid preparations were concentrated about fivefold before electrophoresis (data not shown).
Number of transformants
The time of the post-pulse incubation stage on ice may affect transformation frequency (Dower et al., 1988) , but a comparison of pPH33 DNA transformation of all three P . haemolytica strains using samples pulsed at 12-5 kV cm-I, 25 pF and at 1000 R, and either added immediately to BHI broth or incubated on ice for 20 min before addition to broth, showed no significant difference in transformation rates (n = 4 observations, P > 0.05). Other studies with E. coli have suggested that transformation efficiency can be increased by decreasing the volume of cell suspension subjected to electroporation (Dower et al., 1988) . This effect was investigated using each P . haemolytica strain and pPH33 DNA with final volumes of 400,300,200 and 100 pl each pulsed at 12.5 kV cm-l, 25 pF and at 1000 R. A volume of 200 pl per 0.2 cm electroporation cuvette gave the highest transformation frequency in all cases (64, 583 and 913 x lo3 transformants per pg DNA for strains T179, Y216 and Y216/NSl respectively). A 40-to 130fold decrease in efficiency at a final volume of 100 pl was noted, probably due to excessive cell death.
Non-native plasmids were tested for their ability to transform P . haemolytica Y216/NSl under the electroporation conditions which had given the highest transformation frequency with pPH33 (a 25 pF, 12-5 kV cm-1 pulse administered to a volume of 200 p1 at a pulse controller setting of 1000 SZ). Plasmid containing a CmR marker (pSa4) or a TcR marker (pRK290) were used since P . haemolytica showed no detectable spontaneous resistance to Cm or Tc. pKT230 was not used because spontaneous resistance to Km and Sm was observed at frequencies of approximately 3.5 x and 1-5 x respectively for P . haemolytica T179 and Km resistance at a frequency of 1.8 x for P . haemolytica Y216 (n = 4 observations). No evidence for transformation of P . haemolytica to CmR or TcR was obtained with either non-Pasteurella plasmid, even when the sensitivity of the selection procedure was increased (see Methods) and higher doses of transforming DNA were used (10 pg ml-l). With identical plasmid preparations and electroporation conditions E. coli DH1 gave mean (n = 4 observations) transformation rates [(pg DNA)-' ml-'1 of 9 x lo4 (pRK290) and 84 x lo4 (pSa4).
Mobilization of' plasmids into P. haemolytica by conjugation
Although plasmid pPH33 could express ApR in both E. coli and P . haemolytica, there was no evidence of transfer of pPH33 by conjugation from the original parent strain ( P . haemolytica 33) to either E. coli DHl or P . haemolytica strains T179 NdR, Y216 NdR or Y216/NSl NdR when donor and recipient were mixed and incubated for as long as 16 h, three separate experiments. However, pPH33 could, in the presence of the IncP helper plasmid pRK2013, be mobilized from E. coli LE392 into both E. coli and P. haemolytica within 1 h ( Table 3 ). The mobilization frequency into E. coli was 100-1000-fold greater than into P . haemolytica and greater into P . haemolytica strain T179 than into strain Y216 or Y216/NS1. Although pRK2013 could mobilize the broad-host-range plasmid pRK290 into E. coli DH1 within 1 h, no P. haemolytica transconjugants were found containing pRK290 even if the donor and recipient mixtures were left for 16 h before selection (three separate experiments).
